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DOI: 10.1039/c2an35598aA solid-phase micro-extraction (SPME) method using an SPME fiber device and graphite furnace (GF)
for extracting Se compounds was proposed. Various factors affecting the derivatization and extraction
of Se(IV) by SPME-GF were evaluated, including the effect of acid (type and concentration), the
concentration of the derivatizing agent, the derivatization temperature, the extraction and
derivatization times and the extraction temperature. After optimizing these conditions, the
quantification of Se(IV) was performed by Gas Chromatography-Mass Spectrometry (GC-MS). The
limit of detection was 0.37 mg L1 for Se(IV). The method was successfully applied to the total Se
determination in certified reference materials (BCR-414 and SRM 1643e). A recovery of 97% was
obtained for water (SRM 1643e). After microwave oven decomposition and the reduction of selenium
using a mixture of 2 mol L1 HCl and 1% (w/v) KBr, a recovery of 101% and a relative standard
deviation of 3.5% were attained for plankton (BCR-414). The SPME-GF method combined with GC-
MS was also applied to the determination of the total selenium in a drug sample (selenium chelate).Introduction
Graphite furnace atomic absorption spectrometry (GF AAS) not
only provides good sensitivity but also improves the selectivity
when analyzing complex samples. The increase in selectivity can
be attributed to the accurate control of both time and tempera-
ture as the standards and samples are heated.1
It is well known that different species (from metallic to met-
allo-biomolecules) possess different degrees of volatility. As a
result, the capability of the graphite furnace (GF) in terms of
temperature control could be taken into account not only to
remove concomitant substances but also to promote the extrac-
tion of different volatile species during the drying step of the
temperature program.
Gas chromatography is a technique that is currently used for
the determination of volatile selenium species, such as dime-
thylselenide, dimethyldiselenide and selenite after reaction with
suitable derivatizing agents to form volatile compounds.2–8 GC-
MS coupled with solid-phase micro-extraction could provide a
method with high sensitivity, accuracy and precision that is
suitable for quantitative determinations9 and speciation
purposes.4,10aNational Institute of Science and Technology for Bioanalytics and
Spectrometry, Sample Preparation and Mechanization Group
(GEPAM), Institute of Chemistry – University of Campinas
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This journal is ª The Royal Society of Chemistry 2012Recently, Lopes et al.11 proposed a new system in which an
SPME fiber was coupled to GF aiming the speciation of orga-
notin compounds (dibutyltin and tributyltin) with subsequent
identification by GC-MS.
The goal of the present work is to refine the derivatization and
extraction procedure inside the GF and present applications of
this new approach by the determination of Se(IV) using GC-MS.Experimental
Reagents, solutions and apparatus
Analytical-grade chemicals, including hydrochloric acid, nitric
acid, hydrogen peroxide (Merck, Darmstadt – Germany) and
potassium bromide (Carlo Erba, Milan – Italy), were used. A
stock solution containing 1000 mg L1 selenium was prepared by
dissolving sodium selenite (Sigma-Aldrich, St Louis –MO, USA)
into 0.2% (v/v) aqueous nitric acid. Working standard solutions
of Se(IV) were prepared immediately prior to use by appropriate
dilutions of the stock with water from a Milli-Q water purifica-
tion system (Millipore, Bedford, USA). The derivatizing reagent
4,5-dichloro-1,2-phenylenediamine (DCPDA, 97% purity,
Aldrich) was prepared in 0.1 mol L1 hydrochloric acid, which
had been previously diluted in ethanol.
A DGT 100 Plus (Provecto Analıtica, Brazil) microwave oven
was used for sample decomposition. For the extractions, SPME
fibers that were coated with 65 mm polydimethylsiloxane/
divinylbenzene (PDMS/DVB) were used (Supelco, Bellefonte –
PA, USA). The fibers were conditioned prior to use according to


























































View Article Onlinewas performed on an end-capped, transversely heated graphite
tube atomizer (THGA) that was coupled to an AAnalyst 600
atomic absorption spectrometer (Perkin-Elmer, Shelton, USA)
equipped with an AS-800 autosampler.
A Saturn 2100D gas chromatograph-ion trap mass spec-
trometer (Varian, USA) was used during the optimization of the
derivatization and extraction procedure. Quantitative determi-
nations were performed using a gas chromatography-quadrupole
mass spectrometer (Shimadzu, GC17A-QP5000), which was
operated in the selected ion monitoring (SIM) mode (m/z 252,
254, 137 and 101 for quantification). Both chromatographic
systems were fitted with an HP-5MS (Supelco, Bellefonte, USA)
capillary column (30 m 0.25 mm i.d., 0.25 mm film thickness), a
split–splitless injector operating in splitless mode and an SPME
glass liner. Helium was the carrier gas (1 mL min1). The injec-
tion temperature was 250 C, and the column temperature
program consisted of holding for 2 min at 80 C, followed by a
temperature increase of 80–280 C at 10 C min1, and then
holding for 5 min at 280 C. The interface temperature was
260 C.
SPME-GF coupling
The coupling between the SPME device and the GF AAS
equipment was performed as described by Lopes et al.11 The
alignment of the SPME fiber was performed using the fume
extractor of the equipment as support, and the fiber was kept
inside the furnace at approximately 2 mm above the surface of
the graphite tube platform. The heating program of the GF was
divided into six steps, which were derivatization, extraction,
drying, pyrolysis, atomization and cleaning. Fig. 1 shows a
schematic diagram of the SPME-GF coupling. First, an aliquot
of the sample plus the derivatizing solution was injected into the
graphite tube (Fig. 1a). After the derivatization step, the PDMS/
DVB fiber was exposed, initiating the extraction step through
direct contact with the solution (Fig. 1b). Afterwards, the volume
of the drop decreased until the solvent was completelyFig. 1 Scheme of SPME fiber exposure in the graphite tube of the GFAAS ins
exposure of the fiber (initiation of the extraction step); (c) and (d) evaporatio
fiber. Analyte and solvent vapor molecules are represented with black and gr
3842 | Analyst, 2012, 137, 3841–3846evaporated, and the vapor remained in contact with the fiber
(Fig. 1c and d). Before concluding the extraction step time, the
fiber was removed 5 s before the end of the extraction (Fig. 1e) to
avoid desorption of the compounds from the fiber, due to the
increase of the temperature (to 110 C) in the next step, and was
transferred to the GC-MS.Optimized conditions in the derivatization and extraction
procedure by SPME-GF
The effect of the addition of 1% (v/v) nitric acid (100–300 mL) and
DCPDA from 1 to 3% (w/v) was evaluated. Derivatization
temperatures between 30 and 70 C, extraction time between 10
and 15 min, derivatization time ranging from 1 to 5 min and
extraction temperatures from 60 to 90 C were also tested. The
conditions were optimized using univariate analysis, and the
experiments were performed in triplicate. The initial conditions
used for the derivatization and extraction procedure consisted of
the injection of 96 mL of the sample plus 3 mL of 1% (w/v)
DCPDA, derivatization at 40 C for 120 s and extraction at 70 C
for 906 s. The extracted compounds were detected by GC-MS.Analytical parameters
The analytical curve was constructed in the concentration range
of Se(IV) from 1.5 to 35 mg L1, containing approximately 0.03%
(v/v) HNO3. Volumes of 96 mL standard solutions of Se(IV) and
3 mL of 1% (w/v) DCPDA were injected into the graphite furnace
and submitted to the graphite furnace program as shown in
Table 1. It is of utmost importance to comment that this program
was used for derivatization and extraction only. No quantifica-
tion was carried out using this program in the graphite furnace.
After the derivatization of Se(IV) (step 1 in Table 1), the PDMS/
DVB fiber was exposed to the solution in the graphite tube (steps
2 and 3 of Table 1) to extract the piazselenol complex. Then, the
compounds that were extracted by the fiber were desorbed for 5
min at 250 C in the injection port of the chromatographictrument.11 (a) Introduction of 99 mL of solution into the graphite tube; (b)
n of the solvent (vapors in contact with the fiber) and (e) removal of the
ey circles, respectively.
This journal is ª The Royal Society of Chemistry 2012
Table 1 Optimum graphite furnace program applied for the derivati-
zation of Se(IV) and the extraction of the piazselenol complex by
SPME-GFa
Steps Temperature (C) Ramp (s) Hold (s)
Ar flow
(mL min1)
1 50 1 60 0
2 80 15 97 0
3* 80 268 360** 0
4 110 10 20 250
5 300 10 20 250
6 900 10 20 250
7 1900 0 5 0
8 2450 1 3 250
a 1 – Derivatization; 2 – extraction; 3 and 4 – drying; 5 – pyrolysis; 6 –
atomization; 7 – cleaning. *This step was divided into 4 steps at times
of 67 and 90 s for ramp and hold, respectively. **Removal of fiber 5 s


























































View Article Onlinesystem and were determined by GC-MS in SIM mode. The
residual amount of selenium was monitored through its absor-
bance, using AAS during the atomization step of the GF
program, in order to evaluate the efficiency of the derivatization
of Se(IV) inside the GF.
The detection and quantification limits were calculated based
on the standard deviation (SD) of the analytical response and the
slope (S) of the regression line.12,13 The limit of detection was
calculated using the equation 3.3 s/S, and the limit of quantifi-
cation was calculated from 10 s/S, where s is the SD of the
y-intercept of the regression line and S is the slope of the cali-
bration curve. The parameters of the curve were calculated using
the software Microcal Origin. The correlation coefficients were
also evaluated.Sample preparation
Total selenium was measured in both the certified reference
materials (BCR-414 and SRM 1643e) and a selenium chelate
drug purchased at a local drugstore. Approximately 0.20 g of the
sample (plankton and drug) was weighed and decomposed in a
microwave oven using a mixture of nitric acid and hydrogen
peroxide (Table 2). The excess of acid was removed using a sand
bath, and the samples (plankton and drug) were filtered and
diluted to 5 and 50 mL, respectively. The selenium was reduced
to Se(IV) by transferring an aliquot of the sample solution to a
10 mL vial in addition to 3 mL of 2 mol L1 HCl and 1 mL of 1%
(w/v) KBr. Next, the mixture was gently agitated for 1 min at
room temperature, and 3 mL of 2 mol L1 NaOHwas added, andTable 2 Microwave-assisted sample decomposition conditions (manu-
facturer recommendation)
Samples
Chemicals (mL) Decomposition program
HNO3 H2O2 Time (min) Power (W)
Planktona 4 1 6 400
Drug 3 0.5 2 400
10 790
a BCR-414 certified reference material.
This journal is ª The Royal Society of Chemistry 2012the total selenium was then determined. The measurement of
total selenium as Se(IV) was performed using the same derivati-
zation and extraction conditions applied to the calibration. The
determination of selenium without sample reduction was also
performed in water (SRM 1643e), plankton (BCR-414) and drug.
Results and discussion
Optimization of the procedure
Two extraction modes were considered in the SPME-GF system.
Initially, the method was characterized as a direct extraction by
the contact of the fiber with the solution (99 mL) injected inside
the graphite tube. However, by the evaporation in the GF, the
extraction of the analyte in the vapor phase becomes the more
important process of extraction. It is well known that the contact
of the SPME fiber with acidic and basic media (i.e., high and low
pH values) damages the coating.14 Therefore, a solution of 10%
(v/v) HCl, commonly used during the formation reaction of the
piazselenol complex,4,10 can decrease the lifetime of the coating
due to contact with the sample solution during the initial stage of
the extraction and the volatilization of the acid and its interac-
tion with the fiber during the extraction by SPME-GF.
In this way, modifications in the formation reaction of the
piazselenol complex were evaluated as other reagents (HNO3,
H2SO4 and NH4Cl). Analyte peak areas of the same magnitude
(peak areas) were observed when 100 mL of 1% (v/v) aqueous
solutions of HNO3, H2SO4 and HCl were used to prepare theFig. 2 Effect of acid during the derivatization of Se(IV) and extraction by
SPME-GF. (a) Derivatization of 100 mg L1 Se(IV) solution with DCPDA
without acid addition (A) and the addition of 100 mL of 10% (v/v) HCl
(B), 1% (v/v) HCl (C), 0.01MNH4Cl (D), 1% (v/v) HNO3 (E) and 0.01M
H2SO4 (F). (b) Effect of the addition of 1% (v/v) HNO3 to the derivative
medium.


























































View Article Onlineselenite solution. However, the precision of the result (evaluated
as the relative standard deviation, n ¼ 3) was poorer for HCl
(Fig. 2a). The 1% (v/v) HNO3 solution was selected because it
resulted in the highest area for the piazselenol complex, showed
good accuracy of measurements, is less volatile than HCl, which
can minimize the damage to the coating of the fiber, and usually
used for GF AAS purposes. When volumes of 1% (v/v) HNO3
solution that ranged from 100 to 300 mL were added to the
standard solutions of selenium, the best response was observed
with 250 mL, corresponding to a pH value of 1.8 and a final
concentration of 0.034% (v/v) HNO3 (Fig. 2b).
Another difference of the SPME-GF system when compared
to the original method15 involved the absence of the agitation of
the solution (analyte plus derivatizing agent). The agitation is
used in the original method to facilitate the derivatization and
extraction by homogenizing and increasing the diffusion of
analyte to the extraction phase. Using the SPME-GF, the mixing
of the Se(IV) solution and the derivatizing agent occurred during
their injection into the graphite tube and was extremely depen-
dent on the perfect drop formation in the GF. The drop ensured
homogeneity for the Se(IV) derivatization and extraction of the
formed complex using the SPME fiber.
Volumes of the DCPDA solution greater than the 96 : 3 rate
(standard and derivatizing agent, respectively) did not allow
drop formation, which hindered the extraction using the SPME-
GF method. Therefore, the 96 : 3 rate was used, and concen-
trations of DCPDA that ranged from 1 to 3% (w/v) were
evaluated because the experiments were performed with the
maximum volume in the graphite tube (99 mL) allowed by the GF
AAS heating program. As shown in Fig. 3a, increasing theFig. 3 Effects of derivatizing agent concentration (a), derivatization temperat
derivatized with 4,5-dichloro-1,2-phenylenediamine and extracted by SPME-
3844 | Analyst, 2012, 137, 3841–3846derivatizing concentration decreased the extraction efficiency of
the piazselenol complex and increased the standard deviation of
the measurements. This was most likely a result of the competi-
tion for sites on the SPME fiber because both the complex and
the derivatizing agent were extracted by the PDMS/DVB
coating.
The effect of the temperature on the Se(IV) derivatization was
studied between 30 and 70 C, and slight differences in the signal
were observed when the derivatization procedure was performed
at 50 C (Fig. 3b) for 2 min. At this condition, the influence of the
extraction time was evaluated prior to derivatization to find
the shorter time without a significant loss in the signal because
the experiments were initially carried out at the maximum run
time allowed by the GF AAS equipment (1125 s), 2 min for the
derivation and approximately 15 min for the extraction. As
shown in Fig. 3c, 12 min for the extraction resulted in a shorter
sorption time without significant loss in the signal. The deriva-
tization time, ranging from 1 to 5 min, was then evaluated but
there were no significant differences between the peak areas of
the SPME-GF-extracted piazselenol complex at different times,
indicating that the derivatization reaction was quantitative even
at 1 min.
The signal increased as the extraction temperature was
increased from 60 to 80 C but no significant change in the signal
was observed above 80 C (Fig. 3d). Additionally, a higher
extraction temperature not only increased the number of
compounds that were desorbed of the PDMS/DVB coating, but
also increased their intensity (Fig. 4). In addition to the analyte
peak at a retention time of 14.2 min, the chromatogram also
exhibited intense peaks in almost every chromatographic region,ure (b) and extraction time (c) and temperature (d) as 75 mg L1 Se(IV) was
GF.
This journal is ª The Royal Society of Chemistry 2012
Fig. 4 Ion trap GC-MS chromatograms obtained after the derivatization of a 75 mg L1 Se(IV) solution with DCPDA and extraction by SPME-GF at


























































View Article Onlinewhich was attributed to the extraction media or fiber degrada-
tion. Consequently, a temperature of 80 C was selected as the
optimal extraction temperature because it resulted in a higher
signal of the SPME-GF-extracted piazselenol complex and lower
chromatographic interferences.
A parameter that was also monitored to evaluate the perfor-
mance of the piazselenol complex formation reaction was the
integrated absorbance of selenium that was obtained from the
atomization step. After the derivatization of 96 mL of Se(IV)
solution in the graphite tube, a residual signal was found but this
does not provide any problem for quantitative extraction.








SPME/GC-MS 7000 30 3
SPME/GC-MS 10 000 2
SPME/GC-MIP-AED 10 000 1
HG-SPME/GC-ICP-MS 20 000 3
SPME/IMS 1000 40 3
HG-SPME/GC-ICP-OES 5000
SPME/GC-AED 7000 10 3
LPME/GC-FID 12 500 15 2
GF-SPME/GC-MS 99 1 1
a Microwave Induced Plasma-Atomic Emission Detector (MIP-AED); Hyd
(ICP-MS); Ion Mobility Spectrometry (IMS); Optical Emission Spectrome
Detector (FID).
This journal is ª The Royal Society of Chemistry 2012absorbance was no greater than 0.044  0.010 s1 (n ¼ 15),
indicating that most of the analyte was vaporized and lost during
the drying and pyrolysis steps due to an increase in the temper-
ature and the Ar flow (250 mL min1).Characteristics of the proposed method for the determination of
Se(IV)
The determination of Se(IV) was performed in triplicate and the
analyte signal was evaluated as an integrated area. The method
showed a good linear correlation between the Se(IV) concentra-




limit (mg L1) RSD (%) Reference
5 0.006 9.0 4
0 0.03 5.5 16
0 1.8 4.4 17
0 5.3 19.0 18
0 12 <6 19
7 0.8 3.4 20
0 0.003 8.1 10
0 0.9 3.2–6.1 21
2 0.37 3.5–8.9 Proposed method
ride Generation (HG); Inductively Coupled Plasma Mass Spectrometry
try (OES); Liquid phase micro-extraction (LPME); Flame Ionization
Analyst, 2012, 137, 3841–3846 | 3845
Table 4 Determination of selenium by GC-MS, both with and without
the reduction of selenium
Samples
Se(IV) Found
Without reduction With reduction
Watera (mg L1) 11.66  0.47d —
Planktonb (mg g1) 1.20  0.13 1.76  0.06
Drugc (mg per capsule) 20.6  1.92 20.8  1.86
a Certified value: 11.97  0.14 mg L1. b Certified value: 1.75  0.10 mg
g1. c Drug (selenium chelate) purchased from pharmacy (25 mg per


























































View Article Onlinecalculated by multiplying 3.3 by the ratio of the standard devi-
ation of the y-intercept (2.05  103) to the slope (18.09  103 L
mg1), was 0.37 mg L1. A comparison between the proposed
method and some of the published methods for extraction and
determination of Se(IV) is shown in Table 3. The detection limit
was better than that reported for other methods.17–21 Addition-
ally, the proposed method presented good precision, low sample
consumption and rapidity.
The SPME-GF method with GC-MS was applied to the
determination of total selenium in two certified reference mate-
rials (plankton and water) and a drug sample. A recovery of 97%
and a relative standard deviation of 4% were found for water
(Table 4).
The determination of Se(IV) in the samples (plankton and
drug) was performed with and without the reduction of the total
selenium to Se(IV) (Table 4). When the plankton sample was not
reduced, 68% of the total selenium was recovered as Se(IV).
However, after reducing the total selenium to Se(IV), the recov-
ered content in the plankton was 101% according to the certified
value, with a relative standard deviation of 3.5% (Table 4). The
same procedure was also applied to the determination of sele-
nium in a drug sample, and no significant differences were found
between the values before and after the reduction of selenium,
indicating that all the selenium present in the drug was Se(IV).
Considering the amount of selenium that was indicated on the
drug label (25 mg/capsule), a recovery of 83% (Table 4) and a
relative standard deviation of 8.9% (n ¼ 3) were attained.
Conclusions
The initial purpose was successfully attained, being that the
performance of the derivatization step in the graphite furnace
allowed the automation of the procedure, making this step faster
and less polluting than the SPME glass vial derivatization
method. Approximately 7 mL of solution per analysis is typically3846 | Analyst, 2012, 137, 3841–3846used in the SPME glass vial derivatization method compared to
99 mL of solution used in the proposed method. For this
proposed new approach, the homogeneity for both the deriva-
tization and extraction in the GF were dependent on the drop
formation inside the graphite tube. The substitution of the HCl,
commonly used in the reaction of derivatization of Se(IV) with
DCPDA, by the HNO3 solution decreased the damage to the
SPME fiber coating and increased the extraction efficiency.
Under optimized conditions, the proposed method showed
excellent linear response and accuracy, with a limit of detection
suitable for the determination of selenium in water, plankton and
drugs. Moreover, this new SPME-GFmethod, coupled with GC-
MS, raises the possibility of using this technique for inorganic
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